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environments. FRP bars are non-corrosive, light weight, non-magnetic and have high longitudinal strength 
and low thermal and electric conductivity. This paper experimentally investigated the flexural behaviour of 
high strength concrete (HSC) and ultra-high strength concrete (UHSC) beams reinforced with glass fiber 
reinforced polymer (GFRP) bars that has not been addressed in the literature before. Beams of 2400 mm 
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modes were investigated. Test results found that over-reinforced HSC and UHSC GFRP bar reinforced 
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• HSC and UHSC GFRP-RC beams reinforced with GFRP bar were tested to investigate 29 
flexural behaviour  30 
• Failure modes of HSC and UHSC GFRP-RC beams were identified. 31 
• FRP design recommendations were compared with experimental results. 32 
• Over-reinforced HSC and UHSC GFRP-RC beams showed an amount of pseudo 33 
“ductility”. 34 
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ABSTRACT 62 
FRP bars are considered alternatives to steel bars for reinforcing concrete structures in harsh 63 
environments. FRP bars are non-corrosive, light weight, non-magnetic and have high 64 
longitudinal strength and low thermal and electric conductivity. This paper experimentally 65 
investigated the flexural behaviour of high strength concrete (HSC) and ultra-high strength 66 
concrete (UHSC) beams reinforced with glass fiber reinforced polymer (GFRP) bars that has not 67 
been addressed in the literature before. Beams of 2400 mm long, 100 mm wide and 150 mm high 68 
were tested under quasi-static loading (three point loading). Influence of reinforcement ratio and 69 
compressive strength of concrete (HSC and UHSC) on the load carrying capacity, deflection, 70 
energy absorption, strains in the concrete and reinforcement, and failure modes were 71 
investigated. Test results found that over-reinforced HSC and UHSC GFRP bar reinforced 72 
concrete (GFRP-RC) beams showed an amount of pseudo “ductility” compared to under-73 
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reinforced HSC and UHSC GFRP-RC beams, where failure was brittle, without any prior 74 
warning. Energy absorption capacities were found to be higher for UHSC GFRP RC beams for 75 
the same amount of reinforcement compared to HSC GFRP RC beams. FRP design 76 
recommendations in ACI (2015) and CSA (2012) were compared with experimental data. FRP 77 
design recommendations for the calculation of flexural strength were found to be conservative 78 
(load-carrying capacity was under-predicted by 36% for HSC GFRP RC beams and UHSC 79 
GFRP RC beams). However, FRP design recommendations for the calculation of deflection at 80 
ultimate load were found to be un-conservative (deflections were under-predicted by an average 81 
of 10-22% for HSC GFRP RC beams and UHSC GFRP RC beams).  82 
Keywords: GFRP bar, RC beam, HSC, UHSC, Deflection, Flexure, Energy Absorption. 83 
1. Introduction 84 
Steel bars have been traditionally used as reinforcement for concrete structures. However, the 85 
use of steel bars is not recommended in marine and coastal areas [1]. This is due to the 86 
possibility of corrosion of the reinforcing steel in the concrete structures [2], causing structural, 87 
financial and safety concerns. To prevent corrosion, the use of Fibre-Reinforced Polymer (FRP) 88 
bars is recommended in aggressive environments [3]. Advantages of FRP bars over conventional 89 
steel bars include non-corrosive behaviour, high longitudinal tensile strength in the direction of 90 
the fibres, non-magnetic and lightweight characteristics. However, FRP bars are brittle with 91 
linear-elastic stress-strain behaviour. FRP bars do not yield like steel reinforcement. Other 92 
disadvantages of FRP bars include low elastic modulus, low shear strength and high cost. 93 
However, the use of FRP bars to reinforce marine infrastructure, where corrosion of steel is 94 
highly likely, the service life and durability of the marine structures will be increased, resulting 95 
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in a decrease in overall life-cycle costs [4]. Available FRP bars for commercial use include glass 96 
FRP bars (GFRP), carbon FRP (CFRP), aramid FRP (AFRP) and basalt FRP (BFRP). These 97 
types of FRP bars have varying mechanical and physical properties as well as different surface 98 
configurations.  99 
The flexural behaviour of FRP-reinforced concrete (FRP-RC) beams has been extensively 100 
studied [4-14]. In these studies, the effects of normal and high strength concrete on the flexural 101 
behaviour of FRP-RC beams were investigated. Majority of the previous studies investigated 102 
beams with concrete strengths ranging from 20-80 MPa [4-12, 14]. However, there are only a 103 
limited number of studies that investigated the flexural behaviour of FRP-RC beams with 104 
concrete strengths greater than 80 MPa [13]. Faza and GangaRao [15] investigated the flexural 105 
behaviour of GFRP-RC beams and reported that the use of higher strength concrete was 106 
fundamental to exploit the high tensile strength of the GFRP reinforcement bars. Also, Nanni 107 
[16] found that the flexural strength of beams reinforced with FRP bars was highly sensitive to 108 
the compressive strength of the concrete and recommended that FRP bars be used with high 109 
strength concrete. Similarly, Kalpana and Subramanian [12] stated that the use of high strength 110 
concrete results in better performance of the GFRP-RC beams in terms of load carrying capacity 111 
and mid-span deflection. Yost and Gross [17] reported that the use of higher strength concrete 112 
resulted in more efficient use of the FRP reinforcement. Theriault and Benmokrane [13] reported 113 
that the increase or the change in concrete strength did not affect the stiffness of the FRP-RC 114 
beams. However, FRP-RC beams reinforced with larger amounts of reinforcement showed larger 115 
stiffness compared to beams reinforced with less amount of longitudinal reinforcement. 116 
Moreover, as concrete strength and reinforcement ratio increased, ultimate moment capacity 117 
increased. Getzlaf [18] stated that for over-reinforced GFRP-RC beams, increasing the concrete 118 
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strength is most beneficial when higher amounts of reinforcement are used. Finally, Goldston et 119 
al. [4] reported that the use of higher strength concrete was most beneficial at controlling mid-120 
span deflection as well as increasing bending stiffness. However, in contrast to Theriault and 121 
Benmokrane [13], concrete strength did not influence load carrying capacity of GFRP-RC beams 122 
in Goldston et al. [4]. Extensive research has been conducted into the flexural behaviour of FRP-123 
RC beams constructed mostly with normal and to a limited extent with high strength concrete (< 124 
100 MPa). However, no studies yet investigated the flexural behaviour of GFRP-RC beams with 125 
concrete strength greater than 100 MPa.  126 
To address this issue, this paper presents the flexural behaviour of six GFRP-RC beams 127 
constructed with concrete of nominal compressive strengths of 80 MPa (high strength concrete, 128 
HSC) and 120 MPa (ultra-high strength concrete, UHSC). It is noted that concrete strength above 129 
100 MPa has been defined as UHSC in Vincent and Ozbakkalogu [19] and Ozbakkalogu [20]. 130 
Experimental test results were also compared with FRP-RC beam design recommendations in 131 
ACI [21] and CSA [22]. It should be noted that the design recommendations in CSA [22] are 132 
applicable for concrete strengths up to 80 MPa. While in ACI [21], no limitations of concrete 133 
strength has been specified, although the stress block parameters reach the limiting value at 134 
concrete compressive strength of 56 MPa. Thus, the experimental results were used to 135 
investigate the applicability of the FRP design recommendations in ACI [21] and CSA [22] for 136 
concrete strengths greater than 80 MPa. 137 
 138 
 139 
 140 
7 
 
2. Experimental Program 141 
2.1 Materials 142 
Test specimens were batched onsite using concrete mix designs (Table 1) with nominal 28-day 143 
concrete compressive strengths of 80 and 120 MPa. Concrete compressive strengths were 144 
measured using three concrete cylinders each with 100 mm diameter and 150 mm height 145 
according to AS 1012.9 [23]. On the day of testing, the average compressive strength of concrete 146 
was found to be 95 MPa (for 80 MPa nominal concrete compressive strength) and 117 MPa (for 147 
120 MPa nominal concrete compressive strength). Three different diameter GFRP bars were 148 
used as longitudinal reinforcement. GFRP bars were designated as #2 (nominal diameter of 6.35 149 
mm), #3 (nominal diameter of 9.53 mm) and #4 (nominal diameter of 12.7 mm). All GFRP 150 
reinforcement bars were sand coated for increasing bond strength with the surrounding concrete. 151 
The GFRP bars were supplied by V-Rod Australia [24]. Three specimens of each diameter were 152 
tested for tensile properties including tensile strength, elastic modulus and rupture strain 153 
according to ASTM D7205/D7205M [25]. Tensile strength and elastic modulus were calculated 154 
using nominal diameters. Tensile properties of GFRP reinforcement bars are reported in Table 2. 155 
Fig. 1 shows the stress-strain behaviour of the tested GFRP reinforcement bars. Plain mild steel 156 
bar with a diameter of 4 mm was used as transverse reinforcement. Three specimens of plain 157 
steel bar were tested according to ASTM A370-14 [26]. The average yield strength and elastic 158 
modulus were found as 583 MPa and 158 GPa, respectively.  159 
 160 
 161 
 162 
 163 
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 164 
Table 1. Concrete Mix Designs  165 
Material 
Nominal Concrete 
Strength 
80 MPa 120 MPa 
Bastion General Purpose Cement 540 kg/m
3
 600 kg/m
3
 
Fine Grade Fly Ash 40 kg/m
3
 * 
Micro Silica Densified Silica Fume 40 kg/m
3
 40 kg/m
3
 
10 mm Aggregate 1040 kg/m
3
 1020 kg/m
3
 
Coarse Sand 420 kg/m
3
 450 kg/m
3
 
Fine Sand 100 kg/m
3 150 kg/m3 
Sika Viscocrete PC HRF2 
(Superplasticiser) 
4 L/m3 5 L/m3 
Water 160 L/m
3 155m3 
Note: * = Not required for 120 MPa concrete 166 
 167 
Fig. 1. Stress-Strain Curve of GFRP Tensile Test Specimens 168 
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Table 2. Tensile Test Results of GFRP Reinforcement Bars 169 
Specimen 
(Designation) 
Diameter, ∅ 
(mm) 
 
(mm) 
 
(mm) 
 
(mm) 
 
(MPa) 
 
(%) 
	 
(GPa) 
1 (#2) 6.35 150 380 680 740 1.93 38.3 
2 (#2) 6.35 150 380 680 718 1.94 37.1 
3 (#2) 6.35 150 380 680 739 2.00 37.0 
Mean 732 1.96 37.5 
4 (#3) 9.53 400 200 1000 1801 3.36 53.7 
5 (#3) 9.53 400 200 1000 1692 2.97 57.0 
6 (#3) 9.53 400 200 1000 1800 3.21 56.0 
Mean 1764 3.18 55.6 
7 (#4) 12.7 400 200 1000 1642 3.43 47.9 
8 (#4) 12.7 400 200 1000 1605 3.27 49.1 
9 (#4) 12.7 400 200 1000 1567 3.21 48.9 
Mean 1605 3.30 48.6 
Note:	∅ is nominal diameter of GFRP reinforcement bar,  is steel anchor length, L is free 170 
length,  is total length of tensile test specimen,  is tensile strength,  is rupture strain and 171 
 is elastic modulus.  172 
2.2 Specimen Design and Preparation 173 
In this study, six beams reinforced with GFRP bars were cast and experimentally tested under 174 
three point loading. Three beams were cast with nominal concrete strength of 80 MPa and three 175 
beams were cast with nominal concrete strength of 120 MPa. All specimens were 100 mm wide, 176 
150 mm high and 2400 mm long. Shear span-to-depth ratio was approximately 8 for all beams. 177 
Cross-sectional dimensions and schematic view of the GFRP-RC beams are presented in Fig. 2. 178 
All GFRP-RC beams were doubly reinforced, with two GFRP reinforcement bars in the tensile 179 
zone and two GFRP reinforcement bars in the compressive zone. It is noted that  investigations 180 
on the effect of top reinforcement in the compressive zone is beyond the scope of the paper and 181 
is considered part of the future research by the authors and research collaborators. Longitudinal 182 
GFRP tensile reinforcement ratios were 0.5%, 1.0% and 2.0%. The concrete cover was 15 mm at 183 
the top and bottom of the beams and also at the sides of the beams. (from the tensile face of the 184 
GFRP RC beams to the outer surface of the steel reinforcement stirrups). Steel reinforcement 185 
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was used as shear links with 4 mm diameter bar and spaced evenly at 50 mm centres to ensure 186 
that beams were flexural-critical.  187 
 
 
a)  = 0.5% b)  = 1.0% 
 
c)  = 2.0% 
Fig. 2. Cross-Section of GFRP-RC Beams 
 188 
Beams with a tensile longitudinal reinforcement ratio of  = 0.5% were under-reinforced 189 
(GFRP reinforcement rupture governs) and beams with a tensile longitudinal reinforcement ratio 190 
150 mm
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of   = 1.0% and 2.0% were over-reinforced (concrete crushing governs). Nominal load 191 
capacities () were computed using the design recommendations for FRP-RC beams [21-22]. 192 
Nominal load capacities () were calculated using experimental data from preliminary material 193 
testing results. GFRP-RC beams were classified in the form A-B-C, where A represents the 194 
nominal concrete strength, B represents the type of GFRP reinforcement bar and C represents the 195 
reinforcement ratio. For example, GFRP-RC beam 120-#3-1.0 was designed to have nominal 196 
concrete strength of 120 MPa, #3 GFRP reinforcement bars and a tensile longitudinal 197 
reinforcement ratio of  = 1.0%. Table 3 reports the reinforcement details of the GFRP-RC 198 
beams. 199 
 200 
Table 3. Details of GFRP-RC Beams 201 
GFRP-RC 
Beam 
 
(%) 
Bottom 
Reinforcements 
(GFRP Bars) 
Nominal Moment 
Capacities, "# (kNm) Design 
Failure Mode 
 (ACI 2015) (CSA 2012) 
80-#2-0.5 0.5 2×#2 5.7 5.8 GFRP Rupture 
80-#3-1.0 1.0 2×#3 13.6 13.9 Concrete Crushing 
80-#4-2.0 2.0 2×#4 16.0 15.5 Concrete Crushing 
120-#2-0.5 0.5 2×#2 5.7 5.8 GFRP Rupture 
120-#3-1.0 1.0 2×#3 15.2 14.6 Concrete Crushing 
120-#4-2.0 2.0 2×#4 18.0 17.2 Concrete Crushing 
where:  is FRP reinforcement ratio and % is nominal moment capacity.  202 
 203 
 204 
 205 
 206 
 207 
 208 
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2.3 Testing Procedure 209 
The GFRP-RC beams were simply supported and tested under three point loading (Fig. 3). 210 
Effective span of the beams was 2000 mm, with a shear span of 1000 mm and overhang of 200 211 
mm on each side. Each GFRP-RC beam was supported with a pin and a roller at the ends, 212 
allowing for the beams to deflect under monotonic increasing load. A 600 kN hydraulic actuator 213 
anchored to an independent steel frame was used to apply a monotonic increasing load on a steel 214 
circular plate at the mid-span. GFRP-RC beams were tested under displacement controlled 215 
loading at the rate of 1 mm/min until failure. Two electrical resistance strain gauges were 216 
attached at the top on each side of the GFRP-RC beams, directly underneath the position of the 217 
load cell to measure concrete strain (Fig. 4). Two strain gauges were attached at the centres of 218 
the tensile GFRP reinforcement bars to measure tensile strain. During testing, cracks were 219 
marked and the corresponding loads were recorded. All data including load, mid-span deflection 220 
and strain were recorded using a high speed data acquisition system. 221 
13 
 
 222 
Fig. 3. Test Setup and Instrumentation 223 
 224 
 225 
Fig. 4. Schematic View of GFRP-RC beams 226 
 227 
 228 
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3. Experimental Results and Analysis 229 
3.1 Failure Modes 230 
For the two under-reinforced HSC and UHSC GFRP-RC beams (80-#2-0.5 and 120-#2-0.5), 231 
similar crack patterns and identical failure modes were observed. Signs of vertical cracking 232 
around the mid-span were evident at a load of 3.1 kN for the HSC GFRP-RC beam (80-#2-0.5) 233 
and 3.3 kN for the UHSC GFRP-RC beam (120-#2-0.5). After the formation of flexural cracks 234 
around the mid-span, new vertical cracks began propagating closer to the supports as the load 235 
increased. During the formation of these new cracks, already formed cracks around the mid-span 236 
continued to propagate throughout the height of the HSC and UHSC GFRP-RC beams, close to 237 
the compressive zone. Also, the already formed cracks began to widen, right underneath the 238 
loading point. At the point of failure, the GFRP reinforcement bars ruptured at the region of 239 
maximum bending moment, defined as peak 1 (Fig. 5). This caused the flexural cracks around 240 
the mid-span to widen significantly, causing concrete cover to spall off in tension. No prior 241 
warning of collapse was evident, with failure occurring in a sudden, brittle manner. Also, 242 
concrete on the top surface remained undamaged at the time of failure. This type of failure mode 243 
has also been found in the literature, where a tension failure in the FRP reinforcement bars 244 
occurred [4, 6, 27-28]. 245 
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 246 
Fig. 5. GFRP Reinforcement Bar Rupture 247 
For the over-reinforced HSC and UHSC GFRP-RC beams (80-#3-1.0, 120-#3-1.0, 80-#4-2.0, 248 
120-#4-2.0), vertical cracks initially formed (at a cracking loads ranging from 3.8 kN to 4.0 kN 249 
for HSC and 3.0 kN to 3.5 kN for UHSC) around the mid-span region and continued to branch 250 
closer towards the support regions. The average spacing of the major flexural cracks formed was 251 
measured as approximately 50 mm. As the load increased, the formation of flexure-shear cracks 252 
were evident closer to the supports. During the formation of the flexure-shear cracks, concrete 253 
crushing of the cover on the top surface was noticed and crushed initally on one side of the 254 
loading point. At this loading stage, a drop in load carrying capacity was evident, defined as peak 255 
1 (Fig. 6 (a)). The load at peak 1 for the over-reinforced HSC GFRP-RC beams ranged from 33.0 256 
kN to 46.1 kN. For the over-reinforced UHSC GFRP-RC beams, load at peak 1 ranged from 41.8 257 
kN to 52.2 kN. This peak (peak 1) was considered “failure”, and classifed as the ultimate load 258 
carrying capacity () from a design point of view, due to crushing of concrete cover. 259 
At higher loading stages, after crushing of concrete cover (peak 1), the over-reinforced GFRP-260 
RC beams were able to sustain and carry additional load (reserve capacity or pseudo “ductility”). 261 
16 
 
The rate of formation of new cracks significantly decreased. The majority of already formed 262 
flexure and flexure-shear cracks continued to slowly propagate. The next noticable change in the 263 
GFRP-RC beams behaviour was additional crushing of concrete cover which occured on the 264 
other side of the loading point (peak 2) (Fig. 6 (b)). The crushing of concrete cover resulted in 265 
another major drop in load carrying capacity (peak 2). The load at peak 2 ranged from 44.6 kN to 266 
54.2 kN for the HSC GFRP-RC beams (80-#3-1.0 and 80-#4-2.0). The load at peak 2 ranged 267 
from 46.7 kN to 63.1 kN for the UHSC GFRP-RC beams (120-#3-1.0 and 120-#4-2.0). 268 
Following the additional crushing of concrete cover (peak 2), the HSC and UHSC GFRP-RC 269 
beams still showed signs of reserve capacity, with another increase in load until total failure 270 
(peak 3). From peak 2 to peak 3, signs the tensile GFRP reinforcement bars reaching their 271 
rupture strain were evident by the formation of cracks along the tensile region around the mid-272 
span. At peak 3, the over-reinforced HSC and UHSC GFRP-RC beams failed due to the rupture 273 
and splitting of fibres of the GFRP reinforcement bars as shown in Fig. 6 (c). At peak 3, load 274 
ranged from 42.3 kN to 67.1 kN for the over-reinforced HSC GFRP-RC beams. For the UHSC 275 
GFRP-RC beams, load at peak 3 ranged from 46.6 kN to 70.3 kN. The rupture of the GFRP 276 
reinforcement bars caused the tensile concrete cover to spall off, resulting in widening of 277 
existing cracks. Thus the over-reinforced HSC and UHSC GFRP-RC beams displayed two types 278 
of failure modes: (a) initially crushing of concrete cover and (b) rupture of the GFRP 279 
reinforcement bars.  280 
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(a) Peak 1 – Initial Concrete Crushing (b) Peak 2 – Additional Concrete Crushing of 
Cover 
 
(c) Peak 3 – GFRP Reinforcement Bar Rupture 
Fig. 6. Failure of Over-Reinforced GFRP-RC Beam 
 281 
3.2 Load-Midspan Deflection Behaviour 282 
The experimental load-midspan deflection behaviour for the GFRP-RC beams is presented in 283 
Fig. 7. The GFRP-RC beams showed a bi-linear behaviour (pre- and post-cracking behaviour) up 284 
until total failure. Bi-linear behaviour was also reported for FRP-RC beams under static loading 285 
in Ref. [5-7, 12]. Kalpana and Subramanian [12] reported that GFRP-RC beams under static 286 
loading showed a linear-elastic behaviour up to failure. For the two under-reinforced HSC and 287 
UHSC GFRP-RC beams (80-#2-0.5 and 120-#2-0.5), failure occurred due to the rupture of the 288 
GFRP reinforcement bars without any sign of reserve capacity. However, for the over-reinforced 289 
HSC and UHSC GFRP-RC beams (80-#3-1.0, 120-#3-1.0, 80-#4-2.0, 120-#4-2.0), some amount 290 
of pseudo “ductility” was observed. Fig. 8(a) and Fig 8(b) explains the behaviour of the GFRP-291 
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RC beams at various loading levels for an over-reinforced and under-reinforced GFRP RC beam, 292 
respectively. Energy absorption capacities of the HSC and UHSC GFRP-RC beams were 293 
calculated using numerical integration of load-midspan deflection graph. Two energy absorption 294 
capacities were calculated: & is the energy capacity up to the initial stages of crushing of 295 
concrete cover (' = 0.003) for the four over-reinforced HSC and UHSC GFRP-RC beams or 296 
failure for the two under-reinforced HSC and UHSC GFRP-RC beams (peak 1); and ) is the 297 
reserve capacity for the over-reinforced HSC and UHSC GFRP-RC beams (peak 1 to peak 3). 298 
Fig. 9 shows an example calculation of the energy absorption capacity (&	and	)	).  299 
 300 
Fig. 7. Load-Midspan Deflection Behaviour of GFRP-RC Beams under Static Loading 301 
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  303 
(a) Over-Reinforced GFRP-RC Beam 304 
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 305 
(b) Under-Reinforced GFRP-RC Beam  306 
Fig. 8. Definition of Peak Loads in the Behaviour of GFRP-RC Beams under Static Loading 307 
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 309 
Fig. 9. Energy Absorption Capacity (& and	))  310 
 311 
3.3 Load-GFRP Strain Behaviour 312 
The load-strain behaviour in the GFRP reinforcement bars is shown in Fig 10. A sudden drop in 313 
strain was noticed at the point of cracking. The rapid increase of average post-cracking strain in 314 
the GFRP reinforcement bars (-../0) was found to be dependent on the amount of 315 
reinforcement. For the under-reinforced HSC and UHSC GFRP-RC beams (80-#2-0.5 and 120-316 
#2-0.5), average strain in the #2S GFRP reinforcement bars rapidly increased compared to the 317 
over-reinforced HSC and UHSC GFRP-RC beams (80-#3-1.0, 120-#3-1.0, 80-#4-2.0, 120-#4-318 
2.0) with #3HM and #4HM GFRP reinforcement bars. Also, concrete strength did not 319 
significantly affect strain in GFRP reinforcement bars. UHSC GFRP-RC beams displayed 320 
slightly lower strains at the same load level compared to the HSC GFRP-RC beams. The average 321 
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strain in the GFRP reinforcement bars at peak 1 could not be established for the six HSC and 322 
UHSC GFRP-RC beams since strain gauges were damaged. Thus, linear regression was done up 323 
to peak 1, assuming post cracking strain remained linear. Average strain in the GFRP 324 
reinforcement bars at peak 1 was shown to vary between 1.3%-1.6% for the over-reinforced HSC 325 
GFRP-RC beams (80-#3-1.0 and 80-#4-2.0) and 1.6%-1.9% for the over-reinforced UHSC 326 
GFRP-RC beams (120-#3-1.0 and 120-#4-2.0). For the four over-reinforced HSC and UHSC 327 
GFRP-RC beams, average strain in GFRP reinforcement at peak 1 was lower than the rupture 328 
strain from preliminary material testing, indicating a concrete crushing failure. However, average 329 
GFRP reinforcement strain at the point of GFRP reinforcement rupture was calculated as 2.8% 330 
for the under-reinforced HSC GFRP-RC beam (80-#2-0.5) and 3.5% for the under-reinforced 331 
UHSC GFRP-RC beam (120-#2-0.5). This was much higher than the average rupture strain of 332 
1.96% obtained from preliminary material testing for #2 GFRP reinforcement bars.  333 
 334 
 335 
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 336 
Fig. 10. Load-Strain Behaviour of GFRP-RC Beams under Static Loading 337 
 338 
3.4 Load-Concrete Strain Behaviour 339 
Fig. 10 shows the load-strain behaviour for concrete ('.12) for the HSC and UHSC GFRP-RC 340 
beams. Using linear regression analysis up to peak 1 (crushing of concrete cover), average 341 
concrete strain found to vary between 0.003-0.0035 for the over-reinforced HSC GFRP-RC 342 
beams (80-#3-1.0 and 80-#4-2.0). Similarly, for the two over-reinforced UHSC GFRP-RC beams 343 
(120-#3-1.0 and 120-#4-2.0) concrete stain at peak 1 was found to be 0.004. This is quite 344 
consistent with the assumed maximum compressive strain values of 0.003 and 0.0035 in ACI 345 
[21] and CSA [22], respectively. For the under-reinforced HSC and UHSC GFRP-RC beams, 346 
average concrete strain at failure was found to be lower than 0.003. For the under-reinforced 347 
HSC GFRP-RC beam (80-#2S-0.5), '.12	 = 0.002 and for UHSC GFRP-RC beam 120-#2-0.5, 348 
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'.12	 = 0.0017, indicating a GFRP reinforcement rupture failure since the assumed maximum 349 
compressive strain (' = 0.003	or	' = 0.0035) was not attained. Linear regression was not 350 
required for determining average concrete strain for the two under-reinforced HSC and UHSC 351 
GFRP-RC beams. Finally, increasing concrete strength HSC (95 MPa) to UHSC (117 MPa) 352 
showed to have very little effect on concrete strain at the same loading level for all GFRP-RC 353 
beams. Table 4 reports the experimental results for the HSC and UHSC GFRP-RC beams under 354 
static loading. 355 
Table 4. Experimental Results for GFRP-RC Beams  356 
GFRP-RC Beam 
(Failure Mode) 
Cracking 
 Load, 
67- (kN) 
Experimental  
Load 
Carrying 
Capacity,  
6 (kN) 
Mid-span 
Deflection, 
∆9:. (mm) 
Total 
Energy 
Absorption  
(	; + 	=) (>) 
Average Strain 
-../0 
(%) 7./0	 
80-#2-0.5 
(GFRP Rupture) 
3.1 15.0 81.8 742 2.8* -0.002 
80-#3-1.0  
(Concrete Crushing) 
3.8 33.0 62.6 3909 1.6* -0.003* 
80-#4-2.0 
(Concrete Crushing) 
4.0 46.1 58.3 6050 1.3* -0.0035* 
120-#2-0.5 
(GFRP Rupture) 
3.3 16.2 77.5 714 3.5* -0.0017 
120-#3-1.0 
(Concrete Crushing) 
3.5 41.8 73.3 4057 1.9* -0.004* 
120-#4-2.0 
(Concrete Crushing) 
3.0 52.2 64.3 6377 1.6* -0.004* 
Note: * Data was extrapolated using linear regression analysis to calculate average strain at Peak 1 357 
3.5 Influence of Reinforcement Ratio  358 
Increasing the amount of tensile reinforcement showed to enhance the performance of the GFRP-359 
RC beams under static loading. Ashour and Habeeb [27] also reported that increasing tensile 360 
reinforcement is key to enhancing load carrying capacity and controlling deflection of simply 361 
supported beams. In comparison, Adam et al. [6] reported that by increasing reinforcement ratio 362 
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from 0.98% to 2.5%, ultimate capacity increased from 132.7 kN to 145.1 kN (increase of 9%) for 363 
concrete strength of 70 MPa. This was also verified through experimental results that showed an 364 
increase in load carrying capacity (Fig. 11) and reduction in mid-span deflection (Fig. 12) for an 365 
increase in the amount of tensile reinforcement. Also, bending stiffness (Fig. 13) and energy 366 
absorption capacity significantly increased by increasing reinforcement ratio (Fig. 14). 367 
 368 
 369 
Fig. 11. Effect of Reinforcement Ratio and Concrete Strength on Load Carrying Capacity at 370 
Peak 1 371 
0
10
20
30
40
50
60
0 0.5 1 1.5 2 2.5
L
o
a
d
 C
a
rr
y
in
g
 C
a
p
a
ci
ty
 (
k
N
)
GFRP Reinforcement Ratio (%)
HSC GFRP-RC Beam
UHSC GFRP-RC Beam
26 
 
 372 
Fig. 12. Effect of Reinforcement Ratio and Concrete Strength on Mid-span Deflection at Peak 1 373 
Load 374 
 375 
  376 
Fig. 13. Effect of Concrete Strength and GFRP Reinforcement Ratio on Post-Cracking Bending 377 
Stiffness 378 
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 379 
Fig. 14. Effect of Concrete Strength and GFRP Reinforcement Ratio on Energy Absorption 380 
Capacity 381 
For an increase in reinforcement ratio from 	 = 0.5%	to	 = 1.0%, for the HSC GFRP-RC 382 
beams (80-#2-0.5 and 80-#3-1.0), load carrying capacity showed to increase by 120% (from 15 383 
kN to 33 kN) with a reduction in mid-span deflection of 23% (from 81.8 mm to 62.6 mm). 384 
Bending stiffness and energy absorption capacities were approximately three and five times 385 
higher, respectively. This was also evident for an increase in reinforcement ratio from 	 =386 
0.5%	to	 = 2.0% (HSC GFRP-RC beams 80-#2-0.5 and 80-#4-2.0) where load carrying 387 
capacity increased significantly (207% increase with a reduction in mid-span deflection of 29%). 388 
Bending stiffness and energy absorption capacity were found to be approximately 5 and 8 times 389 
higher, respectively, for the four times of the amount of tensile reinforcement. The reason for the 390 
significantly large percentage increases in load carrying capacity, energy absorption capacity and 391 
bending stiffness is attributed to the change in failure mode: from GFRP reinforcement rupture to 392 
concrete crushing. However, by increasing the reinforcement ratio from	 = 1.0%	to	 =393 
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2.0%, load carrying capacity increased by 40%, with a 7% reduction in the mid-span deflection. 394 
Post-cracking bending stiffness increased by 61%. Energy absorption capacity was found to be 395 
1.5 times larger for 	 = 2.0%. Similar outcomes were observed for UHSC GFRP-RC beams. 396 
For example, by increasing reinforcement ratio from  = 1.0%	to	 = 2.0% (UHSC GFRP-397 
RC beams 120-#3-1.0 and 120-#4-2.0), load increased 25%, with a reduction in mid-span 398 
deflection of 12%. Furthermore, flexural stiffness and energy absorption capacity increased by 399 
approximately 50%.  400 
3.6 Influence of HSC and UHSC 401 
The effect of concrete strength was investigated in terms of load carrying capacity, mid-span 402 
deflection, post-cracking bending stiffness and energy absorption capacity. For the HSC and 403 
UHSC GFRP-RC beams with  = 0.5%, the effect of concrete strength showed to have 404 
minimal influence on all parameters investigated. By increasing the concrete strength from HSC 405 
(95 MPa) to UHSC (117 MPa), load carrying capacity increased by 8% (from 15 kN to 16.2 kN). 406 
The reason for the small increase in load carrying capacity was that the HSC and UHSC GFRP-407 
RC beams were designed as under-reinforced and thus the failure was governed by the tensile 408 
strength of the GFRP reinforcement bars. Mid-span deflection decreased by 5% (from 81.8 mm 409 
to 77.5 mm) with post-cracking bending stiffness increasing 12% (from 25.3 kNm
2 
to 28.3 410 
kNm2) for the increase in concrete strength from 95 MPa (HSC) to 117 MPa (UHSC). El-Nemr 411 
et al. [7] and Goldston et al. [5] also reported increases in the flexural stiffness for HSC GFRP-412 
RC beams compared to normal strength concrete GFRP-RC beams. Energy absorption capacities 413 
of the GFRP-RC beams were not affected by increase in concrete strength from HSC (95 MPa) 414 
to UHSC (117 MPa). GFRP-RC beam 80-#2-0.5 had a capacity of 742 J, compared to 714 J for 415 
GFRP-RC beam 120-#2-0.5. 416 
29 
 
In contrast, concrete strength had more influence on the behaviour of the over-reinforced HSC 417 
and UHSC GFRP-RC beams ( = 1.0% and  = 2.0%). This is because the failure was 418 
governed by the strength of the concrete. For GFRP-RC beams with  = 1.0% and  = 2.0%, 419 
by analysing the behaviour at peak 1, load carrying capacity increased by 27% (from 33 kN to 420 
41.8 kN) and 13% (from 46.1 kN to 52.2 kN), respectively, by increasing concrete strength from 421 
HSC (95 MPa) to UHSC (117 MPa). However, increase in the concrete strength from HSC (95 422 
MPa) to UHSC (117 MPa) showed to increase the mid-span deflection for  = 1.0% and 423 
 = 2.0%, by 17% and 10%, respectively. Concrete strength had little influence on post-424 
cracking bending stiffness. For the HSC and UHSC GFRP RC beams with a reinforcement ratio 425 
of  = 1.0% (80-#3-1.0 and 120-#3-1.0) post-cracking bending stiffness increased 10%. For 426 
the HSC and UHSC GFRP-RC beams with  = 2.0% (80-#4-2.0 and 120-#4-2.0), post-427 
cracking bending stiffness was similar ('CD = 135	kNm) for both GFRP-RC beams 80-#4-2.0 428 
and 120-#4-2.0), regardless of concrete strength. Also, UHSC (117 MPa) showed to slightly 429 
increase energy absorption capacity (& + )). Increase in concrete strength from HSC (95 MPa) 430 
to UHSC (117 MPa) for GFRP-RC beams with  = 1.0% and  = 2.0% increased energy 431 
absorption capacity by 4% and 5%, respectively.  432 
4. Experimental Results versus Code Recommendations 433 
Experimental test data were compared with FRP design recommendations [21-22]. According to 434 
ACI [21], there is no upper limit of concrete strength specified. The factor H& in ACI [21] is 435 
taken as 0.85 for concrete strength up to and including 28 MPa and for concrete strength above 436 
28 MPa, H& is reduced continuously at a rate of 0.05 per each of strength in excess of 28 MPa, 437 
but not taken less than 0.65. The H& of 0.65 is representative of concrete strength greater than or 438 
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equal to 56 MPa. It is noted that the H& = 0.65 was used for concrete strengths of both HSC (95 439 
MPa) and UHSC (117 MPa) for calculation of nominal moment capacities in this study. The 440 
CSA [22] doesn’t include concrete strength above 80 MPa. Hence, the comparison presented in 441 
this study should be evaluated with caution. Nonetheless, the study provides important data for 442 
the next generation design recommendations of FRP-RC beams with HSC and UHSC. 443 
Nominal load capacities () from ACI [21] and CSA [22] were calculated for comparison with 444 
experimental loading carrying capacities () using  = 4%/ for three point loading, where 445 
% is the nominal moment capacity and  is the clear span length ( = 2000	mm). Nominal 446 
load capacities were calculated based on the preliminary material testing results. Overall (for 447 
both HSC and UHSC GFRP-RC beams), the FRP design recommendations provided relatively 448 
conservative results compared to experimental results, with a mean reading of  ⁄ = 0.73 for 449 
both ACI [21] and CSA [22]. On average, load carrying capacity was under-predicted by 36% 450 
for both HSC and UHSC GFRP-RC beams and thus indicates the FRP design recommendations 451 
provide highly conservative results. In terms of concrete strength, it was shown that for the 452 
UHSC GFRP-RC beams (120-#2-0.5, 120-#3-1.0, 120-#4-2.0) provided more conservative 453 
results for the nominal load carrying capacity compared to experimental load carrying capacity 454 
for both ACI [21] and CSA [22] compared to the HSC GFRP-RC beams (80-#2-0.5, 80-#3-1.0, 455 
80-#4-2.0). According to ACI [21], for the UHSC GFRP-RC beams, a mean value of  ⁄ =456 
0.71	 was calculated (under-prediction of load by 41%) compared to  ⁄ = 0.76 for the HSC 457 
GFRP-RC beams (under-prediction of load by 32%). Similarly, according to CSA [22], for the 458 
UHSC GFRP-RC beams (120-#2-0.5, 120-#3-1.0, 120-#4-2.0), an average of nominal load to 459 
experimental load carrying capacity of  ⁄ = 0.68 was obtained, indicating an under-460 
prediction of 47%, compared to 30% for the HSC GFRP-RC beams. In terms of GFRP 461 
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reinforcement ratio, it was found that the most conservative results occurred at the highest 462 
reinforcement ratio ( = 2.0%). For  = 2.0% (HSC and UHSC GFRP-RC beams 80-#4-2.0 463 
and 120-#4-2.0), an average of  ⁄ = 0.69 (under-prediction of load by 45%) and  ⁄ =464 
0.68 (under-prediction of load by 47%) were calculated for ACI [21] and CSA [22], 465 
respectively. For  = 0.5% (HSC and UHSC GFRP-RC beams 80-#2-0.5 and 120-#2-0.5), ACI 466 
[21] under-predicted load by a mean of 37%, with the least conservative results coming for a 467 
reinforcement ratio of  = 1.0% (HSC and UHSC GFRP-RC beams 80-#3-1.0 and 120-#3-468 
1.0), under-prediction of load carrying capacity by a mean of 28%. Similarly, CSA [22] under-469 
predicted load by 39% for  = 0.5% and 30% for  = 1.0%. Table 5 summaries nominal load 470 
carrying capacity with experimental load carrying capacity for the HSC and UHSC GFRP-RC 471 
beams.  472 
Table 5. Comparison between Nominal and Experimental Load Carrying Capacities 473 
Beam 
Experimental  
Load,  
6 (kN)  
Nominal Load, 6# (kN) 6# 6⁄  
 (ACI 2015) (CSA 2012)  (ACI 2015) (CSA 2012) 
80-#2-0.5 15.0 11.4 11.3 0.76 0.75 
80-#3-1.0 33.0 27.1 27.7 0.82 0.84 
80-#4-2.0 46.1 32.3 32.7 0.70 0.71 
120-#2-0.5 16.2 11.3 11.2 0.70 0.69 
120-#3-1.0 41.8 30.5 29.3 0.73 0.70 
120-#4-2.0 52.2 36.0 34.5 0.69 0.66 
Mean 0.73 0.73 
 474 
Experimental load-midspan deflections were compared with load-midspan deflection calculation 475 
in ACI [21] and CSA [22]. According to ACI [21], the effective moment of inertia (CD) used for 476 
calculation of cracked FRP-RC beams is shown in Equation (1). Equation (1) includes an 477 
integration factor, O which is based on the loading condition (three point loading, four point 478 
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loading, uniform distributed load etc.) and boundary conditions (simply supported, fixed etc.). 479 
Equation (2) represents the integration factor for three point loading. The integration factor 480 
accounts for the stiffness along the FRP-RC beam. According to ACI [21] deflection pre- and 481 
post-cracking can be obtained using Equation (3) for three point loading. CSA [22] suggests the 482 
moment-curvature relationship for calculation of deflection, which has been shown to be suited 483 
for FRP-RC beams [29]. This method does not use an effective moment of inertia equation. This 484 
approach uses a tri-linear moment-curvature relationship, with three slope segments, that is pre-485 
cracking ('C2), zero slope and post-cracking ('C'P). Pre-cracking, deflection can be obtained 486 
using the empirical formula shown in Equation (3). However, post-cracking, CSA [22] suggests 487 
Equation (4) for three point loading. 488 
 
CD = C'P
1 − O R%'P% S
)
T1 − C'PC2 U
 
(1) 
 489 
 O = 3 − 2V%'P% W (2) 
 490 
 X = 
Y
48'C (3) 
 491 
 XZ[ = 
Y
48'C'P [1 − 8] V
2
 W
Y
] (4) 
 492 
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where: % is applied moment, C2 = _ℎY/12 is gross moment of inertia, _ is width of beam, ℎ is 493 
height of beam, %'P = 7 × a × b′' × C2/d (cracking moment, (ACI [21])), %'P = P × C2/d  494 
(cracking moment, (CSA [22])), P is modulus of rupture (P = 0.6 × a × b′'), d is distance 495 
from centroidal axis of gross section, neglecting reinforcement, to tension face, a is modification 496 
factor reflecting the reduced mechanical properties of lightweight concrete, taken as 1.0 for this 497 
study, ′' is nominal concrete compressive strength, C'P = _eYfY/3	 + ghe)(1 − f)) 498 
(moment of inertia of transformed cracked section), e is effective depth, h is area of FRP 499 
reinforcement, g is the ratio of elastic modulus of FRP bar () to modulus of elastic of 500 
concrete (i), f = b2g + (g))		−g (ratio of depth of neutral axis to reinforcement 501 
depth),  is reinforcement ratio, j is balanced reinforcement ratio, ' is elastic modulus of 502 
concrete,  is applied load,  is span length, 2 is distance from the support to the point where 503 
% = %'P in a simply supported beam and ] = (1 − C'P C2⁄ ). 504 
Deflection obtained from ACI [21] and CSA [22] were compared with experimental deflection at 505 
experimental load carrying capacity (). At , according to ACI [21], overall deflection was 506 
under-predicted for both the HSC and UHSC GFRP-RC beams by an average of 22% 507 
(∆kPDl ∆D[k= 0.82⁄ ). However, the theoretical load-deflection graph calculated using the 508 
effective moment of inertia equation provided by ACI [21] did not match well compared to the 509 
experimental load-deflection HSC and UHSC GFRP-RC beams with  = 0.5% (80-#2-0.5 and 510 
120-#2-0). For HSC GFRP-RC beam 80-#2S-0.5, ∆kPDl ∆D[k⁄ = 0.7 and for UHSC GFRP-RC 511 
beam 120-#2-0.5, ∆kPDl ∆D[k⁄ = 0.73. The approach for calculation of deflection according to 512 
CSA [22] was shown to be more accurate for all GFRP-RC beams. Overall, CSA [22] under-513 
predicted deflection by an average of 10% (∆kPDl ∆D[k= 0.91⁄ ) for the HSC and UHSC GFRP-514 
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RC beams. The model provided by CSA [22] showed to accurately predict deflection compared 515 
to ACI [21] regardless of reinforcement ratio.  516 
In terms of concrete strength (HSC and UHSC), according to the effective moment of inertia 517 
equation in ACI [21] it was found that deflection was under-predicted by an average of 19% 518 
(∆kPDl ∆D[k= 0.84⁄ ) for the UHSC GFRP-RC beams (120-#2S-0.5, 120-#3-1.0 and 120-#4-2.0). 519 
However, it was found that deflection was even more un-conservative, with the effective 520 
moment of inertia equation in ACI [21] under-predicting deflection by an average of 25% 521 
(∆kPDl ∆D[k= 0.80⁄ ) for the HSC GFRP-RC beams (80-#2S-0.5, 80-#3-1.0 and 80-#4-2.0). In 522 
contrast, for the HSC GFRP-RC beams, CSA [22] was found to under-predict deflection by an 523 
average of 12% (∆kPDl ∆D[k= 0.89⁄ ) and only under-predict deflection by an average of 7.5% 524 
for the UHSC GFRP-RC beams (∆kPDl ∆D[k= 0.93⁄ ). Thus, the approach for calculation of 525 
deflection provided in CSA [22] and ACI [21] were found to be more accurate with experimental 526 
deflection for the UHSC GFRP-RC beams compared to the HSC GFRP-RC beams. However, 527 
overall, it was found that the two approaches for calculation of deflection provided un-528 
conservative results compared to the experimental deflection. Table 6 compares the predicted 529 
deflections with the experimental deflections. Fig. 15 compares experimental load-deflection 530 
behaviour with predicted load-deflection behaviour for all GFRP-RC beams. 531 
 532 
 533 
 534 
 535 
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Table 6. Experimental and Predicted Deflections 536 
Beam 
Measured  
Deflection, 
∆9:. (mm)  
Predicted Deflection, 
∆.-9m (mm) ∆.-9m ∆9:.⁄  
(ACI 2015) (CSA 2012) (ACI 2015) (CSA 2012) 
80-#2-0.5 81.8 57.3 72.8 0.70 0.89 
80-#3-1.0 62.6 51.3 53.8 0.82 0.86 
80-#4-2.0 58.3 51.3 53.6 0.88 0.92 
120-#2-0.5 77.5 56.6 73.6 0.73 0.95 
120-#3-1.0 73.3 65.2 68.2 0.89 0.93 
120-#4-2.0 64.3 57.2 58.5 0.89 0.91 
Mean 0.82 0.91 
 537 
It was observed that that the calculated nominal load carrying capacity in ACI [21] and CSA [22] 538 
is highly conservative compared to experimental load carrying capacity for HSC GFRP-RC and 539 
UHSC GFRP-RC beams. It should be noted that the design recommendations in CSA [22] were 540 
not developed for concrete compressive strengths more than 80 MPa. Also, stress block 541 
parameters in ACI [21] reach limiting values at concrete compressive strength of 56 MPa. 542 
Hence, the above observation should not be considered as a limitation of the design 543 
recommendations in ACI [21] and CSA [22]. Rather, the observation justifies the need to 544 
calibrate stress block parameters for HSC and UHSC GFRP-RC beams. 545 
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(i) GFRP-RC Beam 80-#2-0.5 (ii) GFRP-RC Beam 80-#3-1.0 (iii) GFRP-RC Beam 80-#4-2.0 
(a) HSC GFRP-RC Beams 
 
 
(i) GFRP-RC Beam 120-#2-0.5 (ii) GFRP-RC Beam 120-#3-1.0 (iii) GFRP-RC Beam 120-#4-2.0 
(b) UHSC GFRP-RC Beams 
Fig. 15. Comparison of Predicted and Experimental Load-Deflection 
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5. Conclusions 546 
An experimental program of HSC and UHSC GFRP-RC beams under static loading has been 547 
presented. The study investigated the flexural behaviour of HSC and UHSC GFRP-RC beams. 548 
Based on the experimental findings, the following conclusions can be drawn: 549 
1. HSC and UHSC GFRP-RC beams displayed a bi-linear relationship up to failure. 550 
Regardless of concrete strength (HSC or UHSC), bending stiffness decreased once 551 
cracking occurred. The effect of increasing concrete strength from HSC (95 MPa) to 552 
UHSC (117 MPa) showed to have little influence on increasing post-cracking bending 553 
stiffness for the same amount of longitudinal GFRP reinforcement. Increasing concrete 554 
strength from HSC to UHSC showed to increase load carrying capacity more 555 
significantly for higher amounts of tensile longitudinal reinforcement (≥ 1.0%). 556 
Furthermore, increasing from HSC (95 MPa) to UHSC (117 MPa) showed to have 557 
negligible effect on increasing cracking load. 558 
 559 
2. HSC and UHSC GFRP-RC beams designed as over-reinforced displayed signs of reserve 560 
capacity or pseudo “ductility” compared to the HSC and UHSC under-reinforced GFRP 561 
beams where brittle failure occurred. Under-reinforced HSC and UHSC GFRP-RC beams 562 
exhibited no reserve capacity. Increasing reinforcement ratio and using UHSC slightly 563 
increased the total energy absorption capacity and hence increased reserve capacity or 564 
“ductility” of the GFRP-RC beams as opposed to the HSC GFRP-RC beams. For the 565 
HSC and UHSC GFRP-RC beams with reinforcement ratios of  = 1.0%	 and  =566 
2.0%, total energy absorption capacity increased by 4% and 5%, respectively, for an 567 
increase in concrete strength from 95 MPa (HSC) to 117 MPa (UHSC). Increasing 568 
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concrete strength from 95 MPa to 117 MPa had no effect on energy absorption capacity 569 
for the under-reinforced HSC and UHSC GFRP-RC beams. 570 
 571 
3. The GFRP reinforcement bars displayed sharp increases in post-cracking strain for the 572 
HSC and UHSC GFRP-RC beams with  = 0.5% compared to  HSC and UHSC GFRP-573 
RC beams with reinforcement ratios of  = 1.0% and  = 2.0%. This was a result of 574 
the very low elastic modulus of the #2 GFRP reinforcement bars,  = 37.5	GPa from 575 
preliminary material testing, compared to  = 55.6	MPa and  = 48.6	GPa for the #3 576 
and #4 GFRP reinforcement bars, respectively. Furthermore, post-cracking strain in the 577 
GFRP reinforcement bars was unchanged for an increase in concrete strength from 95 578 
MPa (HSC) to 117 MPa (UHSC) with the same amount of reinforcement.   579 
 580 
4. It was found that the use of UHSC (117 MPa) was more beneficial in increasing load 581 
carrying capacity for the over-reinforced GFRP-RC beams compared to HSC (95 MPa). 582 
Load carrying capacity increased 27% and 13% for reinforcement ratios of  = 1.0% 583 
and  = 2.0%, respectively, when concrete strength increased from 95 MPa (HSC) to 584 
117 MPa (UHSC). However, mid-span deflection was found to increase as concrete 585 
strength increased from 95 MPa (HSC) to 117 MPa (UHSC) for the same amount of 586 
reinforcement for the over-reinforced GFRP-RC beams. However, using with HSC (95 587 
MPa) or UHSC (117 MPa) had no significant effect on improving load carrying capacity, 588 
mid-span deflection, post-cracking bending stiffness or energy absorption capacity 589 
behaviour for the under-reinforced HSC and UHSC GFRP-RC beams, as the failure was 590 
governed by GFRP reinforcement rupture. 591 
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5. FRP design recommendations, ACI [21] and CSA [23] were found to provide overly 592 
conservative results for load carrying capacity of the HSC and UHSC GFRP-RC beams. 593 
On average, the ratio of nominal load carrying capacity loads to the experimental load 594 
carrying capacity was found to be  ⁄ = 0.73. That is, ACI [21] and CSA [23] under-595 
predicted load by an average of 36%. Both FRP design recommendations were shown to 596 
provide similar results in terms of concrete strength HSC (95 MPa) and UHSC (117 597 
MPa). For the HSC GFRP-RC beams, ACI [21] and CSA [22] under-predicted load 598 
carrying capacity by 32% and 30%, respectively. The UHSC GFRP-RC beams showed 599 
even more conservative calculations of nominal load carrying capacity. For the UHSC 600 
GFRP-RC beams, ACI [21] and CSA [22] unpredicted load carrying capacity by 41% 601 
and 47%, respectively.  602 
6. At the ultimate load (), it was found that both FRP design recommendations, ACI [21] 603 
and CSA [22] were un-conservative for mid-span deflections compared to experimental 604 
mid-span deflection for the HSC and UHSC GFRP-RC beams. At the ultimate load, 605 
average ratio of predicted deflection to experimental deflection was found to be 606 
∆kPDl ∆D[k⁄ = 0.82 and ∆kPDl ∆D[k⁄ = 0.91 for ACI [21] and CSA [22], respectively. 607 
Overall, ACI [21] under-predicted deflection by an average of 22% compared to 9% by 608 
CSA [22]. For the set of GFRP-RC beams, it was found that the mid-span deflection 609 
approach provided in CSA [22] was found to match better with experimental results for 610 
both HSC GFRP-RC beams and UHSC GFRP-RC beams. ACI [21] was found to under-611 
predict mid-span deflection by an average of 25% and 19% for the HSC GFRP-RC 612 
beams and for the UHSC GFRP-RC beams, respectively. In contrast, CSA [22] only 613 
under-predicted mid-span deflection by an average of 12% for HSC GFRP-RC beams 614 
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and 7.5% for UHSC GFRP-RC beams. Overall, it was found that CSA [22] provided an 615 
accurate approach in predicting deflection compared to the experimental deflections, in 616 
particular for the UHSC GFRP-RC beams. Further experimental studies are needed to 617 
improve the code requirements for the design of GFRP reinforced high strength and ultra 618 
high strength concrete beams. 619 
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Nomenclature 620 
h  area of FRP tensile reinforcement 621 
_  width of beam 622 
e  effective depth 623 
&  energy absorption up to peak 1  624 
)  reserve capacity of over-reinforced GFRP-RC beams 625 
'  elastic modulus of concrete 626 
  elastic modulus of FRP reinforcement 627 
P   modulus of rupture 628 
  tensile strength of GFRP reinforcement  629 
′'  nominal concrete strength  630 
ℎ  height of beam 631 
C  moment of inertia 632 
C'P  moment of inertia of transformed cracked section 633 
CD  effective moment of inertia 634 
C2  gross moment of inertia 635 
C  gross moment of inertia 636 
f  ratio of depth of neutral axis to reinforcement depth 637 
  span length of GFRP-RC beam or free length of the tensile test specimen 638 
  length of steel anchors used for tensile test specimens 639 
2 distance from the support to the point where % = %'P in a simply supported 640 
beam 641 
  total length of tensile test specimen 642 
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%  applied moment 643 
%'P  cracking moment 644 
%  nominal bending moment capacity 645 
g  ratio of elastic modulus of FRP bar to modulus of elastic of concrete 646 
  load 647 
'P  cracking load 648 
  nominal load carrying capacity 649 
  experimental load carrying capacity 650 
d distance from centroidal axis of gross section, neglecting reinforcement, to 651 
tension face 652 
r&  stress block factor 653 
H& factor taken as 0.85 for concret strength up to and including 28 MPa. Factor is 654 
reduced at a rate of 0.05 per each 7 MPa of strength greater than 28 MPa but not 655 
taken less than 0.65 656 
Hl  reduction coefficient used in calculating deflection  657 
O  integration factor 658 
X  deflection 659 
XZ[  maximum deflection 660 
∆  deflection 661 
∆D[k  experimental deflection 662 
∆kPDl  predicted deflection 663 
'.12  average strain in concrete from two strain gauges 664 
'  assumed ultimate strain in concrete, taken as 0.003 or 0.0034 665 
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Pk.12 average strain of the GFRP strain gauges on tensile reinforcement 666 
  rupture strain of GFRP tensile reinforcement  667 
]  1 − C'P C2⁄  668 
a modification factor reflecting the reduced mechanical properties of lightweight 669 
concrete 670 
  GFRP longitudinal reinforcement ratio 671 
j  balanced GFRP longitudinal reinforcement ratio 672 
∅  diameter of GFRP reinforcement bar 673 
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